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Self-defense mechanismActivation of bovine pancreatic trypsinogen (BPTG) by trypsin (BPT) was found to be inhibited by D
GalN/GalNAc at pH 5.5, the pH of secretory granules in the pancreas. Binding studies with biotinyl-
ated sugar-polymers indicated that BPTG and BPT bind to a-GalNAc, a-Man, and a-Gal better at pH
5.5 than at pH 7.5. Ultraviolet-difference spectra indicated that BPTG binding to a-GalNAc differs
substantially from BPTG binding to other sugars. The N-a-benzoyl-D,L-arginine-p-nitroanilide hydro-
chloride-hydrolyzing activity of BPT was only slightly affected by these sugars. The results indicate
that the binding of GalNAc – containing glycoconjugates protects BPTG from autoactivation, and this
may be a self-defense mechanism against intrapancreatic activation.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Trypsinogen is synthesized in the acinar cells of the pancreas
and secreted into the duodenum, where it is usually activated into
trypsin by enterokinase at the brush-border membrane of the duo-
denum. The activation of bovine trypsinogen begins with the
hydrolytic removal of the N-terminal hexapeptide, H2N-Val-Asp-
Asp-Asp-Asp-Lys [1]. Following the ﬁrst trypsinogen activation,
trypsin activity is rapidly increased by the next activation of tryp-
sinogen by trypsin (autoactivation) [2].
Activated trypsin is the principal pancreatic serine protease that
plays a key role in activating zymogens in the duodenum and
degrading dietary proteins. Trypsin recognizes the carboxyl sidepeptide bonds of positively charged lysine and arginine and cata-
lyzes the activation of many inactive proenzymes of pancreatic ori-
gin, such as trypsinogen, chymotrypsinogen, proelastase, and
carboxypeptidase, and protease-activated receptors to directly or
indirectly control digestive efﬁciency in the intestines [3,4]. There-
fore, the conversion of trypsinogen into trypsin is an important ini-
tial step of the cascade of zymogen activations in food digestion.
Previously, we found that porcine pancreatic a-amylase exhib-
its carbohydrate-binding activity toward N-glycans of glycopro-
teins and is activated by glycoproteins on one hand [5], and
suppresses sugar absorption of enterocytes via SGLT1 on the other
[6]. The binding activity was unique to pancreatic a-amylase and
was not observed for a-amylases from saliva, wheat, and fungus.
To further elucidate the biological functions of the carbohydrate-
binding activity found in porcine pancreatic a-amylase, we inves-
tigated whether other pancreatic digestive enzymes possess simi-
lar carbohydrate-binding activity and found that bovine trypsin
exhibited the carbohydrate-binding activity toward N-linked gly-
cans with high afﬁnity [7]. Trypsin was not affected or uncompet-
itively activated by interaction with glycoproteins and sugars,
indicating that the carbohydrate-binding site is distinct from the
catalytic site, allowing trypsin to function as an uncompetitive
activator in the hydrolysis of a synthetic peptide substrate.
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terminal processing of bovine trypsinogen (BPTG) and subsequent
activation of trypsin was caused by GalN/GalNAc. BPTG exhibits
carbohydrate-binding activities similar to those of bovine trypsin
(BPT). This ﬁnding provides us with a new perspective on the
mechanisms of trypsinogen activation in the pancreas and duode-
num, which would control digestive efﬁciency and prevent
pancreatitis.
2. Materials and methods
2.1. Materials
BPTG, BPT, bovine serum albumin (BSA), and methyl-a-D-man-
nopyranoside (Mea-Man), N-acetyl-D-galactosamine (D-GalNAc),
D-fucose and o-phenylenediamine were purchased from Wako
Pure Chemical Industries, Ltd., Osaka, Japan, unless otherwise spec-
iﬁed. Methyl-a-D-galactopyranoside (Mea-Gal), 1-O-Methyl-N-
acetyl-a-D-glucosaminide (Mea-GlcNAc), and streptavidin–biotin-
ylated horseradish peroxidase complex, were purchased from
Sigma–Aldrich Chemicals, St. Louis, MO, USA. Sugar-biotinylated
polyacrylamide (sugar-BP) probes were purchased from Glyco-
Tech, Inc., Moscow, Russia. D-GalN-HCl was purchased from Sei-
kagaku Corp., Tokyo, Japan, and L-fucose was purchased from
Fluka AG, Chem. Fabrik, St. Gallen, Switzerland. 1-O-methyl-b-D-
galactopyranoside (Meb-Gal) and phenylmethylsulfonylﬂuoride
(PMSF) were purchased from Nacalai Tesque, Inc., Kyoto, Japan.
1-O-Methyl-N-Acetyl-2-deoxy-D-galactosamine (Mea-GalNAc)
was purchased from Toronto Research Chemicals Inc., Toronto,
ON, Canada. N-a-benzoyl-DL-arginine-p-nitroanilide hydrochloride
(BAPA) was purchased from Peptide Institute Inc., Osaka, Japan.
SDS–PAGE molecular weight standards were purchased from Bio-
Rad Laboratories, Hercules, CA, USA. Biotinylated lectins ofWistaria
ﬂoribunda (WFA), Dolichos biﬂorus (DBA), Arachis hypogaea (PNA),
concanavalin A (Con A), and Galanthus nivalis (GNA) were pur-
chased from J-Oil Mills, Inc., Tokyo, Japan. Zymogen granules
(ZG) were prepared from porcine pancreas and separated into
membrane zymogen granule membrane (ZGM) and content
(ZGC) fractions by the method reported previously [8].
2.2. Solid phase binding assay with sugar-BP probes
The binding activities of BPTG and BPT with sugar-BP probes
were assayed by ELISA according to the method described previ-
ously [6] at two pHs: the pH of pancreatic zymogen granules, pH
5.5, using 10 mM AcOH/AcONa buffer and the pH in the small
intestine, pH 7.5, using 10 mM Tris-buffered saline (TBS). The bind-
ing of BP probes was measured by color development of o-phenyl-
enediamine/H2O2 with absorbance at 490 nm. The values were
corrected for the non-speciﬁc binding of sugar-BP probes to the
microtiter plates by subtracting the absorbance of blank wells as
background.
2.3. Effects of sugars and ZG fractions on activation of BPTG by BPT
BPTG was dissolved in TBS at 5.0 mg/mL, and various sugar
solutions at 0.30 M were separately prepared in TBS. For each
sugar, two sets of six plastic tubes (1.5 mL) were prepared, each
containing 160 lL of BPTG solution. The sugar solution (110 lL)
was added to one set, the same volume of TBS without sugar was
added to the other set, and each tube was mixed well. At this point,
the pH of the solutions was 5.5 because the BPTG solution is
weakly acidic when prepared in 10 mM TBS (pH 7.5). All the test
tubes were preincubated for 20 min on ice. After adding 30 lL of
BPT (3.7 mg/mL in TBS) to each tube (BPTG/BPT = 7.2:1, w/w), themixtures were vortexed and incubated at 37 C for 2, 5, 10, 15, or
20 min. BPTG (160 lL mixed with 110 lL of TBS) was incubated
with 30 lL of TBS (pH 7.5) as a control. The PMSF stock solution
was made as a 0.2 M PMSF-ethanol solution and diluted with TBS
to a ﬁnal concentration of 50 mM just before use. The activation
of BPTG was stopped by transferring each tube from the heat block
to ice at the indicated time and immediately adding 3.2 lL of
50 mM PMSF in TBS to each tube and vortexing; then these tubes
were kept on ice.
The activation ratio of trypsinogen in each tube was measured
by SDS–PAGE according to the method of Laemmli [9] as follows.
An aliquot (20 lL) of each sample was transferred to a separate
tube containing 5 lL of the sample buffer (5), mixed, then boiled
for 5 min. The samples (2.5 lL, each 7 lg protein per lane) were
loaded onto a 12% polyacrylamide gel together with a set of molec-
ular weight markers and electrophoresed at 20 mA for 1.5 h in the
presence of 2-mercaptoethanol. After electrophoresis, the sepa-
rated proteins were stained with Coomassie Brilliant Blue R-250
(CBB) for 10 min and destained by gentle shaking. The band inten-
sity of the CBB staining was quantiﬁed using the Scion image soft-
ware (ver. 1.37, National Institutes of Health, Bethesda, MD, USA)
[6,10]. The densitometry data was plotted according to the follow-
ing equation: activation ratio (%) = [BPT]/([BPT]+[BPTG])  100
versus reaction time.
The effects of ZG fractions, ZGC (0.67 mg/mL, 6.9 lL) and ZGM
(0.37 mg/mL, 17 lL), instead of sugar solution were assayed by
the same procedure except that the volumes were reduced to 1/
16. Because ZG might contain active trypsin, it was heated at
100 C for 5 min and compared with unheated ZG. The activation
reaction was stopped by adding 1 lL of 0.2 M PMSF.
2.4. Ultraviolet difference spectroscopy in presence of sugars
For determination of the equilibrium-binding parameters, the
intensities of difference spectra of BPTG in TBS (0.5 mg/mL) were
measured at room temperature as a function of increasing sugar-
BP concentration between 260–320 nm using a Jusco U-best55
spectrophotometer equipped with a recorder and a microcom-
puter. The peak-trough difference, 285–263 nm, was used as a
measure of the extent of association and calculated according to
the equation:
½S=DA ¼ ½S  1=DAmax þ 1=½DA  Ka;
where ½S is the sugar concentration:2.5. Kinetic analysis of substrate-hydrolyzing activity of BPT
The initial enzyme-catalyzed reaction rates were measured
using BAPA as the substrate. The substrate stock solution was pre-
pared by dissolving 14.2 mg of BAPA in 1065 lL of dimethylsulfox-
ide and diluting it to ﬁnal concentrations of 0.20–3.0 mM with
100 mM Tris–HCl buffer (pH 7.9) containing 20 mM CaCl2 and
30 mM NaCl (buffer A). Various sugars, Mea-Man (Sigma–Aldrich
Inc.), GalN-HCl, GalNAc, and Mea-GalNAc, were dissolved at 1.0–
200 mM in buffer A. The stock BPT solution (2.4 mg/0.5 mL,
200 lM) was prepared in 1 mM HCl containing 20 mM CaCl2 and
diluted with buffer A to 6.0 lM just before use. Each sugar solution
(140 lL) and 6.0 lMBPT (10 lL) were mixed in a test tube and pre-
incubated at 37 C for 15 min.
Various concentrations of BAPA solutions that had been prein-
cubated at 37 C were added to the wells (each 150 lL per well)
of the microtiter plate. The BPT solutions that had been preincu-
bated with various sugars as described above were added to the
wells (each 150 lL) and mixed for 10 s. The absorbance of each
well was measured at the wavelength of 410 nm at 30-s intervals
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Biomedical, Osaka, Japan). The product concentration was calcu-
lated using the calibration curve of p-nitroaniline, and the effects
of sugars on the hydrolyzing activity of BPT were analyzed by dou-
ble reciprocal Lineweaver–Burk plots of V1 versus S1.
2.6. Carbohydrate analysis and lectin reactivities of ZG
ZGC and ZGM fractions were dialyzed, hydrolyzed, and reN-
acetylated [11], and carbohydrates were analyzed by the reported
method [12]. Porcine ZG and ZGC fractions (each 5.0 mg/ml, 10 lL)
were hydrolyzed with 2 M HCl-2 M TFA in a gas phase under
reduced pressure. An internal standard, D-ribose (180 nmol), was
added to the hydrolysate, and reN-acetylated with acetic anhy-
dride, then derivatized with ABEE [12]. The ﬂuorescent sugars were
analyzed by HPLC using the analysis condition described. Biotinyl-
ation of BPTG and binding studies of ZG fractions with biotin-lec-
tins were performed on membranes as previously described [13].
3. Results
3.1. Interaction between BPTG and sugar BP-probes by ELISA
The carbohydrate-binding activities of BPTG were analyzed by
ELISA using synthetic sugar-BP probes (Fig. 1(A)) at pH 5.5 and
pH 7.5, which are the physiological pH in the zymogen granules
of pancreatic acinar cells and the duodenum, respectively. As
shown in Fig. 1A and B, BPTG exhibited high binding activity
toward a-GalNAc-BP, and to a lesser extent, a-Man-BP and(A) BPTG (pH 5.5)
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Fig. 1. Reactivities of BPTG toward sugar BP-probes by ELISA at pH 5.5 (A) and pH 7.5 (B
with various sugar BP-probes at pH 5.5 (A and C) and pH 7.5 (B and D) as described in
horseradish peroxidase complex and o-phenylenediamine/H2O2 by ELISA. Symbols used
Gal-BP (4), and b-GlcNAc-BP (h).a-Gal-BP, but not to other sugars at pH 5.5. At pH 7.5, the bindings
of BPTG with these probes were signiﬁcantly decreased, while
those to a-Man-6P-, a-, and b-Gal-BPs were increased, showing
broader sugar-binding speciﬁcity at pH 7.5 than at pH 5.5. The car-
bohydrate-binding properties of BPTG and BPT were remarkably
different at pH 5.5; BPT did not bind signiﬁcantly to a-GalNAc-
or a-Man-BP, as shown in Fig. 1(C), though BPT and BPTG showed
similar binding activity at pH 7.5 (Fig. 1(D)). Neither BPTG nor BPT
bound to Lac- and LacNAc-BP probes at these PH (data not shown),
showing a difference in carbohydrate-binding speciﬁcities from
those of human and porcine pancreatic a-amylases [6].
3.2. Effects of carbohydrates on activation of BPTG by BPT
When BPT and BPTG were dissolved in 10 mM TBS (pH 7.5),
both solutions became weakly acidic at pH 5.3–5.5, and the activa-
tion studies were performed at this pH. The sugars were found to
affect the speed of proteolytic activation of BPTG to BPT. As shown
in Fig. 2(A), the band of BPTG (24 kDa) was found to remain in the
presence of Mea-GalNAc and GalN-HCl during the ﬁrst 10–20 min
of the reaction, indicating that the activation of BPTG was inhibited
most by these sugars. To a lesser extent, the processing of BPTG
into BPT was slowed by D-GalNAc, Mea-Man, or Meb-Gal, while
it was hardly affected by other sugars. Fig. 2(B) shows the densi-
tometry of each band using image J. Though the activation ratios
(%) in the presence of most sugars other than GalN-HCl and
Mea-GalNAc were within the error bars indicated for the control,
which was carried out in the absence of the sugar, the suppressing
activity of GalN-HCl and Mea-GalNAc on the proteolysis of BPTG0
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Fig. 2. SDS–PAGE analysis for inhibition activities of various saccharides against
activation of BPTG with BPT. (A) BPTG (30 lg) was treated with BPT at a weight
ratio of S:E = 7.2:1 in TBS in the presence or absence of each sugar at a ﬁnal conc. of
0.1 M for 0–20 min and stopped by adding PMSF to a ﬁnal concentration of 0.5 mM.
Samples were then analyzed by SDS–PAGE, and the gel was stained with CBB. Lanes
contained BPTG treated with BPT in the absence of sugar (odd lines) or in the
presence of sugar (even lines) at the incubation times indicated, 0 (lanes 1 and 2), 2
(lanes 3 and 4), 5 (lanes 5 and 6), 10 (lanes 7 and 8), 15 (lanes 9 and 10), and 20 min
(lanes 11 and 12). (B) Quantiﬁcation of the inhibition activities of various
saccharides against proteolytic activation of BPTG from the band intensities of
remained BPTG to total BPTG and BPT on SDS–PAGE.
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Fig. 3. Ultraviolet-difference spectroscopy of BPTG induced by a-Man-BP or a-Gal-
BP probes. (A) Concentration dependence of the difference spectra of BPTG on a-
Man-BP probes. (B) Concentration dependence ofDA285-263 in the difference spectra
of BPTG on the sugar concentration, [S] of a-Man-BP probe (j) or a-Gal-BP probe
(s). (C) Plot of [S]/DA versus [S] of each sugar-BP probe. a-Man-BP probe (j) or a-
Gal-BP probe (s). The solid line was calculated from a least square ﬁt to the data.
The dissociation constant (Ka) was calculated from the intercept on the abscissa.
The experiment was repeated three or two times for a-Man-BP probe and a-Gal-BP
probe, respectively, and representative data is presented.
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buffer at the pH of the inside a zymogen granule (pH 5.5), the acti-
vation speed was decreased to the extent that it was impossible to
chase the activation process. When the study was performed with
BPT and BPTG solutions at pH 7.5 using a 100 mM Tris–HCl (pH
7.5), the inhibition did not occur with any sugar, though the activa-
tion proceeded much faster than at pH 5.3.
3.3. Ultraviolet difference spectroscopy of BPTG with carbohydrates
The interactions between BPTG and various glycosides were
studied by ultraviolet difference spectroscopy of endogenous tryp-
tophan or tyrosine residues in BPTG, which is caused by binding
with the ligands. A difference spectrum was not induced for BPTG
in the presence of a monosaccharide, Mea-Man, Mea-Gal, or Mea-
GalNAc, even at the high concentration of 0.3 M. However, the
multivalent glycopolymers, a-Man-BP and a-Gal-BP, caused ultra-
violet difference spectra concentration-dependently, as shown in
Fig. 3 with the two positive peaks at 285 nm and 296 nm indicating
changes in the environment of tryptophan or tyrosine residues,
respectively. From the Hill plot analysis, the Ka s were calculated
to be 2.1  105 M1 for a-Man-BP and 2.5  105 M1 for
a-Gal-BP. In contrast, the a-GalNAc-BP probe, which showed
higher binding than a-Man-BP and a-Gal-BP probes in ELISA
(Fig. 2), did not cause a difference in the ultraviolet spectrum ofBPTG under the same condition. The results indicate that the bind-
ing site(s) for a-GalNAc in BPTG are different from those for a-
Man-BP and for a-Gal-BP.
3.4. Effects of carbohydrates on BAPA-hydrolyzing activity of BPT
As shown in Fig. 4, according to the Lineweaver–Burk plot anal-
yses, the BAPA-hydrolyzing activity of BPT was scarcely affected by
activating-suppressing sugars for BPTG. The results are summa-
rized in Table 1. Especially D-GalNAc and Mea-D-GalNAc did not
cause a change in Vmax or Km, while only D-GalN weakly inhibited
the hydrolytic activity of BPT by increasing the Km in the compet-
itive mode. Therefore, the inhibition of activation of BPTG by Gal-
NAc and Mea-D-GalNAc was mainly attributable to the protecting
effect of GalNAc for BPTG but not to the inactivating effect for
BPT. The kinetic study was performed in buffer A (pH 7.9), the opti-
mum pH for trypsin activity, because the BAPA-hydrolyzing activ-
ity of BPT was too low to be analyzed at pH 5.3 by this method.
3.5. Effect of ZGC and ZGM components on activation of BPTG
As shown in Fig. 5(a) and (b), autoactivation of BPTG was sup-
pressed more during the ﬁrst 5–10 min by heat-treated ZGC and
ZGM fractions than by the corresponding unheated fractions, sug-
gesting that a heat-stable component in ZG contributes to the sup-
pression of activation, which is considered to be due to the
carbohydrates. After 15 min, inhibition by the unheated ZGM frac-
tion was greater than that by the heated one (Fig. 5b), suggesting
that ZG has a heat-labile component that inhibited the activation
of BPTG. Because the trypsin-inhibiting activity of aprotinin was
Fig. 4. Lineweaver–Burk plots of BAPA-hydrolyzing activity of BPT in the presence of sugars. Effect of free sugars on enzyme activity of BPT. Activity of BPT was measured
using BAPA as a substrate in the presence of various concentrations of sugars. (A) Mea-Man (B) Mea-GalNAc, (C) D-GalNAc, and (D) GalN-HCl, at 1 mM ( ), 10 mM (N), 50 mM
(j),100 mM (), and a control without sugars (s). Each experiment was done on triplicate samples and repeated three or two times; representative data is presented.
Table 1
Effects of sugars on BAPA-hydrolyzing activity of BPT
Sugar Conc. (mM) Vmax Km
D-GalNAc 0 4.1 0.67
1 4.6 0.70
10 4.3 0.64
50 4.6 0.73
100 4.4 0.71
Me a-D-GalNAc 0 4.8 0.65
1 4.8 0.59
10 5.2 0.67
50 4.5 0.53
GalN-HCl 0 4.5 0.65
1 4.5 0.67
10 4.4 0.72
50 4.9 0.82
100 5.0 0.89
Me a-D-Man 0 3.8 0.69
1 3.8 0.53
10 3.9 0.57
50 3.9 0.57
100 4.6 0.63
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may be responsible for suppressing the activation by the unheated
ZGM fraction. The difference in action mechanisms that carbohy-
drates protect BPTG while aprotinin inactivates BPT to inhibit acti-
vation of BPTG enabled that both may work simultaneously in
unheated ZG fraction, to elongate the life of BPTG (Fig. 5b, U).
3.6. Reactivity of ZG glycoproteins with various lectins and BPTG
As shown in Fig. 6, the GalNAc-speciﬁc lectins WGA, DBA, and
PNA bound to the multiple bands of ZG components, which coin-cided with the reactivity of biotinylated BPTG but slightly different
from those of mannose-speciﬁc Con A and GNA in several points. It
indicates that the glycoproteins contained GalNAc residues. The
presence of D-GalNAc was supported by carbohydrate analysis of
porcine ZG, which revealed D-GalNAc, D-Gal, D-Man, D-GlcNAc,
and L-Fuc in molar ratios of 1:5:3:6:1 (data not shown).
4. Discussion
This study demonstrated that the proteolytic activation of BPTG
is suppressed by binding to GalN-containing sugars. BPTG exhib-
ited carbohydrate-binding activity toward a-GalNAc, a-Man, a-
Gal, and a-L-Fuc at pH 5.5. Among the binding sugars, GalN-HCl,
GalNAc, and Mea-GalNAc signiﬁcantly protected the activation of
BPTG by BPT. The observation that BPT was not inhibited by Gal-
NAc or Mea-GalNAc indicates that the activation-inhibition by
the sugars was caused by binding of the sugar to BPTG but not to
BPT, which was supported by the result that preincubation of the
sugar with BPT showed less suppression than that with BPTG (data
not shown). UV-difference spectroscopy indicated that the a-Gal-
NAc-binding site is different from those of a-Man and a-Gal. These
results indicate that a-GalN-containing sugars stabilize the inac-
tive conformation of BPTG to suppress hydrolytic removal of the
N-terminal activation peptide.
It was notable that the activation-suppression by GalN-sugar is
exhibited only at acidic pH 5.3 but not at the weakly alkaline con-
dition of pH 7.9. It coincides with the pH-dependency of the sugar-
binding activity of BPTG, which is much higher at acidic pH 5.5
than neutral pH 7.5 (Fig. 1) together with the much higher hydro-
lytic activity of trypsin at pH 7–8 in duodenum than pH 5.5. Con-
sidering that a zymogen granule in the pancreas has a
U H U H U H U H U H U H
Trypsin          +                 - +                 - +                -
(a) ZGC
0 5 10 15 20 min
(b) ZGM
- BPTG
- BPT
U H U H U H U H U H
0                                 5                           10 min
- BPTG
- BPT
Fig. 5. Effects of ZGC and ZGM on activation of BPTG. (a) BPTG (5.0 mg/ml, 10 lL) was preincubated with the heated (H) or unheated (U) ZGC (0.67 mg/ml, 6.9 lL) or 6.9 lL of
10 mM TBS, pH 7.5 (–), on ice for 20 min. The activation was initiated by addition of 1.9 lL of 3.7 mg/mL BPT (Trypsin+) or 10 mM TBS, pH 7.5, as a control (Trypsin).
Reaction mixtures were incubated at 37 C for indicated times. The reaction was stopped by adding 1 lL of 0.2 M PMSF. Samples (5 lg protein per lane) were analyzed by
SDS–PAGE using a 12% polyacrylamide gel under reducing conditions and stained with CBB. (b) BPTG (5.0 mg/mL, 10 lL) was preincubated with heated (H) or unheated (U)
solubilized ZGM (0.37 mg/mL, 17 lL) or 10 mM TBS, pH 7.5 () on ice for 20 min. The activation reaction was initiated by adding 3.7 mg/mL BPT (1.9 lL) and reaction
mixtures were incubated at 37 C. At the indicated times, the reaction was stopped and analyzed by SDS–PAGE as described in (a).
Fig. 6. Reactivity of ZG glycoproteins with various lectins and BPTG. WFA: Wistaria
ﬂoribunda lectin, DBA: Dolichos biﬂorus lectin, PNA: peanut lectin, Con A: Conca-
navalin A, GNA: snowdrop lectin. The ZG fraction was separated by SDS–PAGE using
12% polyacrylamide gel (2 lg/lane), and then electroblotted onto a PVDF mem-
brane. Proteins on the membrane were reacted with biotinylated lectins or
biotinylated BPTG, and then detected using ABC-HRP. The color was developed
with DAB/H2O2, as described in the text. (See above-mentioned references for
further information.)
574 H. Ogawa et al. / FEBS Letters 589 (2015) 569–575physiologically acidic pH of 5.5, the activation-suppressing effect
by the carbohydrates is only effective for BPTG in the pancreas,
not in the duodenum. The physiological relevance of the carbohy-
drate-speciﬁc interaction of BPTG was studied using ZG fractions
and indicated that glycoconjugate components in ZG inhibit auto-
activation of BPTG (Fig. 5). One cause of pancreatitis is premature
activation of trypsin in the pancreas [14]. Therefore, the ﬁnding
in this study may be related to a self-defense system in the pan-
creas to prevent early autoactivation of trypsin, which would leadto pancreatitis. Because the glycans containing GalNAc, Gal, Man,
Fuc, and GlcNAc were demonstrated to be present in the ZG in this
study (Fig. 6), the activation-inhibition of BPTG by the glycans may
prevent early activation of trypsinogen in secretory granules [15].
The ﬁnding provides us with a new viewpoint on novel control
mechanisms of the activation of trypsinogen in the pancreas in
addition to the well-known pancreatic trypsin inhibitor, PTI, which
would contribute to prevention of pancreatitis. One of the PTIs,
aprotinin, did not interfere with the sugar-binding activity of BPTG
(data not shown); therefore, the GalN-containing carbohydrates
suppress autoactivation of BPTG independently from PTI so that
both may work simultaneously in the pancreas, and the carbohy-
drate inhibitors will be especially useful when the amount of PTI
is inadequate.
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